Trout Bog. Cyanobacteria MAGs also had strong temporal correlations to functional marker 32 genes for nitrogen fixation in several years. Genes encoding steps in the nitrogen and sulfur 33 cycles varied in abundance and taxonomy by lake, potentially reflecting the availability and 34 composition of inorganic nutrients in these systems. We were also able to identify which 35 populations contained the greatest density and diversity of genes encoding glycoside hydrolases. 36
Abstract

21
Metabolic processes at the microbial scale influence ecosystem functions because 22 microbes are responsible for much of the carbon and nutrient cycling in freshwater. One 23 approach to predict the metabolic capabilities of microbial communities is to search for 24 functional marker genes in metagenomes. However, this approach does not provide context 25 about co-occurrence with other metabolic traits within an organism or detailed taxonomy about 26 those organisms. Here, we combine a functional marker gene analysis with metabolic pathway 27 prediction of microbial population genomes (MAGs) assembled from metagenomic time series 28 in eutrophic Lake Mendota and humic Trout Bog to identify how carbon and nutrient cycles are 29 connected in freshwater. We found that phototrophy, carbon fixation, and nitrogen fixation 30 pathways co-occurred in Cyanobacteria MAGs in Lake Mendota and in Chlorobiales MAGs in 31
Trout Bog. Cyanobacteria MAGs also had strong temporal correlations to functional marker 32 genes for nitrogen fixation in several years. Genes encoding steps in the nitrogen and sulfur 33 cycles varied in abundance and taxonomy by lake, potentially reflecting the availability and 34 composition of inorganic nutrients in these systems. We were also able to identify which 35 populations contained the greatest density and diversity of genes encoding glycoside hydrolases. 36
Introduction
41
Lakes collect nutrients from surrounding terrestrial ecosystems (Williamson et al., 2008) , 42 placing lakes as "hotspots" for carbon and nutrient cycling in the landscape (Butman et al., 43 absence are available at <https://github.com/McMahonLab/MAGstravaganza>. Any future 179 updates or refinements to this dataset will be available at this link. 180
Results/Discussion
181
Community Functional Marker Gene Analysis 182
To assess potential differences in microbial metabolisms between Lake Mendota and 183
Trout Bog, we tested whether functional marker genes identified in the unassembled merged 184 metagenomic reads appeared more frequently in one lake or layer compared to the others. These 185 comparisons were run between the epilimnia of Trout Bog and Lake Mendota, and between the 186 epilimnion and hypolimnion of Trout Bog. We did not compare the epilimnion of Lake Mendota 187 to the hypolimnion of Trout Bog, as the multitude of factors differing between these two sites 188 make this comparison illogical. Many genes differed significantly by site, indicating contrasting 189 gene content between lakes and layers (Data S3). To further infer differences in microbial 190 metabolism, we aggregated marker genes by function (as several marker genes from a 191 phylogenetic range were included in the database for each type of function) and tested for 192 significant differences in distribution between lakes and layers using a Wilcoxon rank sum test 193 with a Bonferroni correction for multiple pairwise testing. Many functional markers were found 194 to be significantly more abundant in specific sites; more will be reported in each of the following 195 sections ( Figure 1 , Table S3 ). These contrasting abundances of functional marker genes suggest 196 significant differences in the metabolisms of microbial communities across lake environments. 197
How Representative are the MAGs? 198
To identify the phylogenies of the microbes carrying marker genes and the co-199 occurrences of marker genes within the same population genomes, we used metagenome-200 assembled genomes (MAGs) from each metagenomic time series to predict metabolic pathways 201 based on genomic content. A total of 193 medium to high quality bacterial MAGs were 202 recovered from the three combined time series metagenomes in Trout Bog and Lake Mendota: 203 99 from Lake Mendota, 31 from Trout Bog's epilimnion, and 63 from Trout Bog's hypolimnion 204 (Data S4). These population genomes ranged in estimated completeness from 50 to 99% based 205 on CheckM estimates (Parks et al., 2015) . Several MAGs from Trout Bog's epilimnion and 206 hypolimnion appeared to belong to the same population based on average nucleotide identities 207 greater than 99% calculated using DOE JGI's ANI calculator (Data S6) (Varghese et al., 2015) . 208 This is likely because assembly and binning were carried out separately for each thermal layer, 209 even though some populations were present throughout the water column. To assess the diversity 210 of our MAGs, we constructed an approximate maximum likelihood tree of all the MAGs in 211 FastTree (Price, Dehal & Arkin, 2010) using whole genome alignments ( Figure S1 ). The tree is 212 not intended to infer detailed evolutionary history, but to provide an overall picture of similarity 213 between genomes. MAGs recovered are a diverse set of genomes assigned to taxa typically 214 observed in freshwater. 215
The phylum-level assignments of our MAGs largely matched the classifications of 16S 216 rRNA gene amplicon sequencing results averaged across the time series, consistent with a higher 217 likelihood of recovering MAGs from the most abundant populations in the community (Figure  218 S2, Data S5). However, some taxa, including Tenericutes, Ignavibacteria, 219
Epsilonproteobacteria, and Chlamydiae, were represented by MAGs but not identified in the 16S 220 gene amplicon datasets. Chlorobi was overrepresented by MAG coverage compared to 16S 221 rRNA gene counts, while Proteobacteria was overrepresented by 16S rRNA gene counts 222 compared to MAG coverage. These discrepancies could be explained by bias in the 16S primer 223 sets (Hong et al., 2009 ) difference in rRNA copy number, or assembly bias in MAG recovery. 224
The observed taxonomic compositions are consistent with other 16S-based studies from these 225 lakes (Hall et al., 2017; Linz et al., 2017) . The detection of similar phyla using both methods 226 suggests that our MAGs are representative of the resident microbial communities. 227
Nitrogen Cycling 228
Nitrogen availability is an important factor structuring freshwater microbial communities. 229
To see if there were differences in nitrogen cycling between different lake environments, we 230 analyzed nitrogen-related marker genes and the MAGs containing nitrogen cycling pathways. 231
We discovered significant differences in the abundances of marker genes, along with 232 phylogenetic differences in the populations containing these pathways. 233
To identify differences in nitrogen fixation between sites, we analyzed marker genes 234 encoding nitrogenase subunits. Genes encoding for nitrogenase were observed most frequently in 235 metagenomes from Trout Bog's hypolimnion, followed by the Trout Bog's epilimnion, and lastly 236 by Lake Mendota's epilimnion (Figure 1 , Table S3 ). The nitrogenase enzyme is inhibited by 237 oxygen, which could explain the higher abundance of nitrogenase in Trout Bog's anoxic 238 hypolimnion. We further analyzed MAGs predicted to fix nitrogen and found differences in the 239 taxonomy of putative diazotrophs between the two ecosystems ( Figure 2, Figure S1 ). In Lake 240
Mendota, two thirds of MAGs encoding the nitrogen fixation pathway were classified as 241
Cyanobacteria, while the other third was assigned to Betaproteobacteria and 242
Gammaproteobacteria.
Although not all Cyanobacteria fix nitrogen, previous measurements of 243 nitrogen fixation in Lake Mendota found a strong correlation between this pathway and the 244
Cyanobacteria Aphanizomenon (Beversdorf, Miller & McMahon, 2013 To identify differences in denitrification, we analyzed marker genes for denitrification, 251 including reductases for nitrous oxide, nitric oxide, nitrite, and nitrate. These denitrification 252 genes had a similar trend as the nitrogen fixation genes; they were observed most frequently in 253 metagenomes from the Trout Bog hypolimnion, with the exception of nitrous oxide reductase, 254 which was most frequently found in Lake Mendota. This trend could stem from denitrification 255 also requiring a reductive, low oxygen environment. Urease, another nitrogen cycling marker 256 gene, was not found significantly more often in any site. We further analyzed putative 257 denitrification pathways in our MAGs and found that they were observed at similar frequencies 258 in population genomes from all environments (Figure 2 ). Urea degradation pathways were also 259 predicted in MAGs from both lakes, which is consistent with research showing that urea is a 260 common nitrogen source for bacteria in multiple freshwater environments (Remsen, Carpenter & 261 Schroeder, 1972; Jorgenson et al., 1998; Berman & Bronk, 2003) . 262
To explore the importance of polyamines in the freshwater nitrogen cycle, we analyzed 263 genes encoding the biosynthesis and degradation of polyamines such as spermidine and 264 putrescine. We predicted that 94% of MAGs could synthesize polyamines, and 87% could 265 degrade polyamines. These genes were prevalent in many diverse MAGs from both lakes, 266
including Actinobacteria as has been previously observed (Ghylin et Trout Bog encoded amino acids with 1% less nitrogen than MAGs from Lake Mendota. 281
Although this difference is small, it was significant using a Wilcoxon rank sum test (p = 0.02). 282
The observed amino acid bias suggests that conditions in Trout Bog may lead to stronger 283 selection for nitrogen poor proteins than in Lake Mendota. Differences in the compositions of the 284 nitrogen pools in these lakes may also contribute to the observed differences in the distributions 285 of nitrogen cycling marker genes. Lake Mendota receives large amounts of nitrate runoff from 286 the surrounding agricultural landscape, while Trout Bog receives nitrogen in more complex 287 forms (e.g. Sphagnum-derived organic nitrogen), and the microbial community competes for 288 nitrogen with the surrounding plant community. 289
Sulfur Cycling 290
Sulfur is another essential element in freshwater that is cycled between oxidized and 291 reduced forms by microbes. Our marker gene analysis demonstrated that genes encoding for 292 sulfide:quinone reductase (for sulfide oxidation) and the sox pathway (for thiosulfate oxidation) 293
were significantly more abundant in Trout Bog compared to Lake Mendota, with no significant 294 differences between the layers of Trout Bog ( Figure 1 , Table S3 ). Genes encoding for sulfite 295 reductases were the least abundant sulfur cycling marker genes in all sites. Dissimilatory sulfite 296 reductase was observed only in MAGs from Trout Bog, especially those classified as 297
Chlorobiales. Because this enzyme is thought to operate in reverse in green sulfur-oxidizing 298 phototrophs such as Chlorobiales (Holkenbrink et al., 2011) , this may indicate an oxidation 299 process rather than a reductive sulfur pathway. Assimilatory sulfate reduction was the most 300 common sulfur-related pathway identified in the MAGs (Figure 2 ). 301
We observed assimilatory sulfate reduction more frequently than dissimilatory sulfate 302 reduction, suggesting that in these populations, sulfate is more commonly used for biosynthesis, 303 Table S3 ). In contrast, citrate lyase, the marker gene for the 316 reverse TCA cycle, was observed most frequently in Trout Bog's hypolimnion. 317
We next assessed the MAGs for photoautotrophy, expecting to find differences between 318 our two study sites based on the observed contrasts in the functional marker gene analysis 319 (Figure 2 ). In Lake Mendota, the majority of MAGs encoding phototrophic pathways were 320 classified as Cyanobacteria. These populations contained genes encoding enzymes in the CBB 321 As Chlorobium is a strictly anaerobic lineage, the presence of citrate lyase in these populations 327 may explain why this gene was observed more frequently in metagenomes from Trout Bog's 328 hypolimnion. These photoautotrophs from both lakes also contained genes potentially encoding 329 nitrogen fixation. The co-occurrence of fixation pathways in these populations are especially 330 interesting given their relatively high abundance in their respective lakes. 331
The reductive TCA cycle is the only carbon fixation pathway known to be active in 332 cultured representatives of Chlorobiales, but we found genes annotated as the RuBisCO large 333 subunit (rbcL) were observed in some of the Chlorobiales MAGs. Homologs of rbcL have been 334 previously identified in isolates of Chlorobium, and were associated with sulfur metabolism and 335 oxidative stress (Hanson & Tabita, 2001 ). Inspection of the neighborhoods of genes annotated as 336 rbcL in the Chlorobiales MAGs revealed genes putatively related to rhamnose utilization, LPS 337 assembly, and alcohol dehydrogenation, but no other CBB pathway enzymes. Given this 338 information, it seems likely that this rbcL homolog encodes a function other than carbon fixation 339 in the Chlorobiales MAGs. 340
The potential for photoheterotrophy via the aerobic anoxygenic phototrophic pathway 341 was identified in several MAGs from all lake environments, especially from epilimnia, based on 342 the presence of genes annotated as pufABCLMX, puhA, and pucAB encoding the core reaction 343 center RC-LH1 (Martinez-Garcia et al., 2012). Betaproteobacteria and Gammaproteobacteria, 344 particularly MAGs classified as Burkholderiales, most often contained these genes, although 345 they were not broadly shared across the phylum ( 
Complex Carbon Degradation 356
Biopolymers in freshwater can be either autochthonous (produced within the lake, ex. 357 algal polysaccharides) or allochthonous (imported from the surrounding landscape, ex. 358 cellulose). Organic carbon in freshwater is often classified as either autochthonous or 359 allochthonous carbon, but this distinction has little relevance for organotrophic bacteria. For 360 example, there is substantial overlap in the molecular composition of algal exudates, cellulose 361 degradation intermediates, and photochemical degradation products (Bertilsson & Tranvik, 1998 ; 362 Ramanan et al., 2015) . One-carbon compounds such as methane are produced in the lake 363 (therefore autochthonous), but they are also produced from decomposition of allochthonous 364 carbon. We therefore found it more informative to categorize the carbon degradation pathways 365 observed in our dataset by type of metabolism rather than carbon origin. 366
Degradation of high-complexity, recalcitrant carbon compounds requires specialized 367 enzymes, but a wide availability of these compounds can make complex carbon degradation an 368 advantageous trait. One way to predict the ability to degrade high-complexity carbon in 369 microbial populations is by identifying genes annotated as glycoside hydrolases (GHs), which 370 encode enzymes that break the glycosidic bonds found in complex carbohydrates. A previous 371 study of Verrucomicrobia MAGs from our dataset found that the profiles of GHs differed 372 between Lake Mendota and Trout Bog, potentially reflecting the differences in available carbon 373 sources (He et al., 2017) . Here, we expanded this analysis of glycoside hydrolases to all of the 374 MAGs in our dataset to identify differences in how populations from our two study sites degrade 375 complex carbohydrates. 376
We calculated the coding density of GHs, defined as the percentage of coding regions in 377 a MAG annotated as a GH to identify differences in carbon metabolism between MAGs from 378 different lake environments (Figure 3 ). Our GH coding density metric was significantly 379 correlated with the diversity of GHs identified (r 2 = 0.39, p = 4.5x10 -8 ), which is an indicator of 380 the number of substrates an organism can utilize. The MAGs with the highest GH coding 381 densities were classified as Bacteroidales, Ignavibacteriales, Sphingobacteriales, and 382
Verrucomicrobiales from Trout Bog's hypolimnion. Two of these orders, Sphingobacteriales 383 and Verrucomicrobiales, also contained MAGs with high GH coding densities in Lake Mendota 384
and Trout Bog's epilimnion. There were several additional orders with high GH coding density 385 that were unique to Lake Mendota, including Mycoplasmatales (Tenericutes), Cytophagales 386 (Bacteroidetes), Planctomycetales (Planctomycetes), and Puniceicoccales (Verrucomicrobia). In 387 concordance with their ability to hydrolytically degrade biopolymers to sugars, MAGs with high 388 GH coding densities also contained putative degradation pathways for a variety of sugars (Figure  389 2). 390
We identified genes encoding for several GH families in MAGs from all lake 391 environments. Starting with the most frequently observed in MAGS from all sites, these included 392 GH109 (alpha-N-acetylgalactosaminidase), GH74 (endoglucanase), and GH23 (soluble lytic 393 transglycosylase). However, previous research has found that the abundance of genes annotated 394 as GH109 by dbCAN may be an overestimate of this gene family (He et al., 2017) ; therefore, we 395 prefer not to speculate on the relative importance of GH family annotations in our MAGs based 396 on observation frequency. Lake Mendota contained unique GHs belonging to the family GH13 397 (alpha-glucoside). The only unique GH found in Trout Bog's epilimnion was GH62, a putative 398 arabinofuranosidase. Trout Bog's hypolimnion contained many more unique enzymes, the most 399 abundant of which were GH129 (alpha-N-acetylgalactosaminidase), GH89 (alpha-N-400 acetylglucosaminidase), GH43_12 (xylosidase/arabinosidase), GH44 (beta-mannanase/endo-401 beta-1,4-glucanase), GH66 (dextranase), and GH67 (alpha-glucuronidase). The increased 402 diversity of these genes found in Trout Bog's hypolimnion suggests differences between the GH 403 profiles, which could be correlated to differing diversity and complexity of the available organic 404 carbon. 405 Rhizobiales from Trout Bog. Given the rapid rate at which we are discovering methylotrophy in 474 microorganisms not thought to be capable of this process, identifying potential new 475 methylotrophs in freshwater is intriguing, but not surprising (Chistoserdova, Kalyuzhnaya & 476 Lidstrom, 2009) . 477
Central Metabolism and Simple Carbon Degradation
Using MAGs to track population abundances over time 478
Our metagenomes comprise a time series, so we can use MAG coverage and the number 479 of marker gene hits as proxies for abundance over time. As an example, we analyzed abundance 480 data for Cyanobacteria, known to be highly variable over time in Lake Mendota (Figure 4, A-E) . 481 We found that one Cyanobacteria MAG in each year was substantially more abundant than the 482 rest; this single MAG only is plotted for each year. Since our analysis of the diversity of MAGs 483 containing nitrogenases showed a strong association between nitrogen fixation and 484
Cyanobacteria in Lake Mendota, we hypothesized that the number of hits to the most abundant 485 marker genes encoding nitrogenase subunits over time would be correlated to the abundance of 486 the most abundant Cyanobacteria MAG in each year (Figure 4, F-J) . This hypothesis was 487 partially supported. Two of the marker genes, TIGR1282 (nifD) and TIGR1286 (nifK specific for 488 molybdenum-iron nitrogenase), correlated with the Cyanobacteria MAG abundance more 489 frequently than the third, TIGR1287 (nifH, common among different types of nitrogenases). 490
Significant correlations (p < 0.05) were only detected in 2008, 2011, and 2012. The strength of 491 these correlations suggests that in three out of the five years in our Lake Mendota time series, a 492 single Cyanobacteria population produced most genes encoding nitrogenase subunits. In the 493 other two years, it is possible that other diazotrophic populations were more abundant, or that the 494 nitrogenase subunits were derived from populations that did not assemble into MAGs. These two 495 years were also unusual in our time series -in 2008, extreme flooding events led to large 496
Cyanobacteria blooms (Beversdorf et al., 2015) and in 2009, the invasive spiny water flea 497 population drastically increased in Lake Mendota (Walsh, Munoz & Vander Zanden, 2016) . Still, 498 our time series analysis demonstrates the utility of our datasets in linking metabolic function to 499 specific taxonomic groups. 500
Conclusions 501
Our analysis of functional marker genes indicated significant differences in microbial 502 nutrient cycling between Lake Mendota's epilimnion, Trout Bog's epilimnion, and Trout Bog's 503 hypolimnion. By combining these results with metabolic pathway prediction in MAGs, we 504 identified taxa encoding these metabolisms and co-occurrence of pathways within MAGs. We 505 found that phototrophy, carbon fixation, and nitrogen fixation co-occurred within the abundant 506 phototrophs Cyanobacteria in Lake Mendota and Chlorobiales in Trout Bog. In Lake Mendota, 507 nitrogen fixation was predominantly associated with Cyanobacteria, but it was not associated 508 with any particular taxon in Trout Bog. In the sulfur cycle, we observed assimilatory pathways 509 more frequently than dissimilatory pathways in the MAGs, suggesting a bias towards using 510 sulfur compounds for biosynthesis rather than as electron donors. We found the greatest density 511 and diversity of genes annotated as GHs in the Trout Bog hypolimnion, potentially indicating a 512 greater reliance on complex carbon sources in this environment. Our combination of functional 513 marker gene analysis and MAG pathway prediction provided insight into the complex 514 metabolisms underpinning freshwater communities and how microbial processes scale to 515 ecosystem functions. 516
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Supplemental Legends 600
MAGs, as well as their IMG OIDs, are presented here. Amino acid use was calculated based on 623 the average number of nitrogen atoms translated gene sequences. 624 Data S5. 16S rRNA amplicon sequencing of our samples. 16S sequencing was performed over 625 the time series to assess community composition in our study sites. The resulting OTU tables and 626 taxonomic classifications are presented here. 627 Figure S1 . Tree of diversity and nitrogen fixation in our MAGs. To visualize the diversity of 628 our MAGs, phylogenetic marker genes were extracted from each MAG and aligned using 629
Phylosift. An approximate maximum-likelihood tree based on these alignments was constructed 630 using FastTree. The potential for nitrogen fixation based on gene content is indicated on the 631 branch tips. 632 Figure S2 . How representative are the MAGs of the microbial communities? The 633 community composition observed via 16S rRNA gene amplicon sequencing (A) and inferred 634 using the proportions of reads from the same metagenomic time series samples that mapped to 635 set of MAGs affiliated with major phyla (B). MAGs were classified using Phylosift, while 16S 636 sequences were classified to the phylum level. Numbers above bars indicating abundances 637 greater than the limit of the y-axis. The 16S V6-V8 region was targeted in Trout Bog, while the 638 V4 region was targeted in Lake Mendota. Proteobacteria was split into classes due to the high 639 diversity of this phylum. Although proportions vary, similar taxonomic groups are observed 640 using both approaches. Differences are likely due to a combination of primer and assembly 641 biases. However, similar phyla were detected using both methods, suggesting that our MAG 642 datasets are representative of their communities. 643 Data S6. Average nucleotide identity between MAGs. Average nucleotide identity (ANI) was 644 calculated between all MAGs in our dataset. MAGs with extremely high ANIs (>97%) are likely 645 from the same populations. An ANI value of "0" indicates that no portions of the genomes 646 aligned. 647
